Abstract. Pancreatic cancer is one of the most malignant types of tumor and has a poor prognosis. Toll-like receptor 7 (TLR7) has been found to be present and have different roles in different types of cancer cells. In the present study, the roles of TLR7 in BxPC-3 cells, a human pancreatic adenocarcinoma cell line, were investigated. The cells were treated with gardiquimod, an agonist of TLR7, following which the properties of the cells, including proliferation, migration, cell cycle and apoptosis, were analyzed. It was revealed that activation of TLR7 by gardiquimod inhibited cell proliferation and migration, and induced apoptosis of the cells. In addition, gardiquimod downregulated the expression levels of cyclin B1, cyclin E and B-cell lymphoma 2, while upregulating the expression of B-cell-associated X protein.
Introduction
Pancreatic cancer is one of the most life threatening and aggressive types of malignancy and has a global annual incidence rate of ~8/100,000 individuals (1) . Due to recurrence, the 5-year survival rate is ~3-5% (2, 3) . According to its histogenetic origin, pancreatic cancer can be classified into several types (4) , and adenocarcinoma is the most common histological type (5) .
Generally, genetic and environmental factors are involved in the development of pancreatic cancer (6, 7) .
Numerous studies have focused on the molecular mechanisms of pancreatic cancer. Genetic alterations in several genes, including KRAS, TP53, p16/CDKN2A, SMAD4, BRCA2, STK11, PRSS1 and BRAF30 have been demonstrated to be involved in the development of pancreatic cancer (8) (9) (10) (11) (12) . Several pathways, including the Raf/extracellular signal-regulated kinase pathway, the phosphoinositide 3-kinase pathway and the Ral guanine nucleotide dissociation stimulator pathway have also been identified to contribute to the initiation and progression of pancreatic cancer (13, 14) . Furthermore, the above-mentioned genes and pathways are involved in the proliferation, invasion, metastasis and apoptosis of pancreatic cancer (15) .
Toll-like receptors (TLRs) have been demonstrated to be involved in the pathogenesis of the pancreatic cancer (16, 17) . Ochi et al (18) reported a novel role of TLR7 in the development and progression of pancreatic cancer through interference with cell cycle regulation and activation of multiple cell signaling pathways.
TLR7 is one of the pattern recognition receptors, which has been identified as a primary detector of bacterial and viral components (19) . TLR7 can trigger a series of signaling pathways by binding to single-stranded RNA or small molecular chemicals, including imiquimod and its derivatives (20) . The effect of TLR7 agonists on cancer cells remain contradictory (21, 22) . In renal cells and bladder cancer cells, TLR7 agonists exhibit anti-proliferative and apoptosis-inducing effects by suppressing the expression of c-Myc and directly affecting cell growth and tumorigenesis (23, 24) . By contrast, activation of TLR7 has been reported to promote the survival, proliferation and invasiveness of tumor cells, including B-cell chronic lymphocytic leukemia cells (25) (26) (27) . Thus, the effects of TLR agonists on tumor cells require further investigation (28) .
In the present study, the effects of the TLR7 agonist, gardiquimod, on the proliferation, the migration and the apoptosis of the BxPC-3 pancreatic cancer cell line were investigated.
Materials and methods
Reagents. The BxPC-3 human pancreatic cancer cell line cells were purchased from the Shanghai Cell Bank of Chinese Academy of Sciences (Shanghai, China). 
Activation of Toll

Peripheral blood monouclear cell (PBMC) preparation.
EDTA anticoagulated venous blood samples (2 ml) were collected from healthy volunteers and PBMCs were isolated using lymphocyte separation medium (Tianjin Haoyang Biological Manufacture Co., Ltd., Tianjin, China). The expression of TLR7 in PBMCs was analyzed and served as a positive control. Written informed consent was obtained from the volunteers.
Cell culture. The BxPC-3 cells were cultured for 2 days in RPMI-1640 medium supplemented with 10% FBS, 100 U/ml streptomycin and 100 U/ml penicillin at 37˚C in a 5% CO 2 atmosphere. Upon reaching 70% confluence, the cells were passaged for use in the following experiments.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
BxPC-3 cells were seeded (3x10 3 cells/well) in 24-well plates and cultured in FBS-free media for 3 days. Total cellular RNA was extracted from the cells using TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA). RT-qPCR analysis of TLR7 and GAPDH were performed, as previously described (29) . Briefly, samples were amplified in an Applied Biosystem 7500 Real-Time PCR System (Applied Biosystems Life Technologies, Foster City, CA, USA) for 40 cycles with the following conditions: Denaturation at 95˚C for 15 sec, and annealing and extension at 60˚C for 40 sec. The primer sequences used are presented in Table I and the relative expression of TLR7 was calculated using 2 -ΔΔCt .
MTS assay. The BxPC-3 cells were seeded (3x10 3 cells/well) in 96-well plates and cultured in FBS-free RPMI-1640 for 1 day. The cells were continually cultured at 37˚C in a 5% CO 2 atmosphere and treated with different concentrations (0, 1.5, 3 and 5 µg/ml) of gardiquimod for various time-periods (0, 12 and 30 min, 1, 3, 6, 12, 24 and 48 h), following which 20 µl MTS reagent was added. The cells were incubated for 2 h and absorbance was measured at 490 nm using a Spectrophotometer Multiskan GO (Thermo Fisher, Vantaa, Finland). The experiment was repeated a minimum of three times.
Flow cytometric analysis. The BxPC-3 cells were seeded in 12-well plates and treated with 3 µg/ml gardiquimod for different time-periods, between 1 and 5 days, in FBS-free RPMI-1640 at 37˚C in a 5% CO 2 atmosphere. The cells were detached with trypsin and washed with phosphate-buffered saline (PBS), and were then BxPC-3 cells were suspended at a density of 3x10 5 /ml and fixed in 70% alcohol for 30 min. Subsequent to washing with PBS, 5 µl Triton X-100, 3 µl RNase A (20 ug/ml) and 1 µl PI dye (50 ug/ml) were added to the cells. Following mixing at room temperature and maintenance in the dark for 30 min, flow cytometric analysis was performed. For analysis of apoptosis in the cells, 5 µl FITC-Annexin V and 5 µl PI were added to the resuspended cells at room temperature for 15 min. Then the cells were detected by flow cytometry using a BD FACSVerse™ flow cytometer (BD Biosciences, San Jose, CA, USA). The cells in the lower left, lower right, upper right and upper left quadrant signified viable, early apoptotic, late apoptotic or necrotic cells, respectively. The experiment was repeated three times.
Western blot analysis. The BxPC-3 cells were cultured in FBS-free RPMI-1640 at 37˚C in a 5% CO 2 atmosphere, following which gardiquimod (3 ug/ml) was added and the cells were cultured for 0, 12 and 30 min, 1, 3, 6, 12, 24 and 48 h. Subsequent to washing with cold PBS, the cells were incubated in RIPA assay buffer containing 1 mM PMSF fluoride for 30 min in an ice-water bath. Subsequent to protein quantification using a BCA method, 100 µg proteins were loaded onto 12% SDS-PAGE gels and the separated proteins were transferred onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). The membrane was blocked in TBST containing 5% non-fat milk for 2 h at room temperature with agitation. The membranes were then incubated with primary antibodies against β-actin, cyclin B1, cyclin E, Bcl-2 and Bax (1:500) overnight at 4˚C. Subsequent to washing with TBST, the membrane was incubated in horseradish peroxidase-linked secondary antibody/TBST solution for 2 h at room temperature. The bound secondary antibodies were detected using chemiluminescence substrate (Pierce Biotechnology, Inc., Woburn, MA, USA) and were visualized by exposure to X-ray film. The band intensity was determined using a Gel Image Analysis system and were normalized to β-actin.
Scratch/migration assay. The BxPC-3 cells were cultured in 24-well dishes (5x10 4 cells/well) for 24 h at 37˚C in a 5% CO 2 atmosphere. A 10-µl pipette tip was used to scratch three perpendicular lines on the bottom of dishes. Following washing with PBS, gardiquimod (3 µg/ml) was added to the cells for different time periods (1-5 days) at 37˚C in a 5% CO 2 atmosphere. The distance that the cells migrated into the scratched region was quantified using the ocular micrometer of a Nikon Ecolipse TS100 microscope (Nikon Corporation, Tokyo, Japan; 10X objective lens, 1 unit = 10 mm). The assessment was repeated three times.
Statistical analysis.
All experiments were repeated a minimum of three times and the representative results are presented. The data are presented as means ± standard deviation. Student's t-test, analysis of variance and the χ 2 analysis were conducted using SPSS software, version 13.0 (SPSS, Inc., Chicago, IL, USA) and P<0.05 was considered to indicate a statistically significant difference.
Results
TLR7 is expressed in BxPC-3 cells.
In the present study, total RNA and protein were extracted from the BxPC-3 cells, following which RT-qPCR and western blot analysis were used to analyze the mRNA and protein expression levels of TLR, respectively. Peripheral blood mononuclear cells (PBMCs) were used as a positive control sample. Compared with the PBMCs, the expression of TLR7 in the BxPC-3 cells was reduced at the mRNA (Fig. 1A) and protein (Fig. 1B) levels.
Gardiquimod inhibits the proliferation of BxPC-3 cells in a dose-and time-dependent manner.
Treatment of gardiquimod inhibited the proliferation of the BxPC3 cells. The inhibition ratio was 10.41% at a low concentration (1.5 µg/ml) and 20.12% at a high concentration (5 µg/ml; P<0.05; Fig. 1C) . The time course analysis indicated that the inhibition ratio gradually increased between 7.01 and 28.55% between days 1 and 5 following the addition of 3 µg/ml gardiquimod (P<0.05; Fig. 1D) .
Analysis of the cell cycle analysis using flow cytometry demonstrated that the percentage of BxPC-3 cells treated with gardiquimod in the G 1 phase gradually increased between 76.41 and 82.97% (Fig. 2) . In addition, the percentage of cells in the S phase reduced between 19.13 and 10.09% as the duration of treatment increased (Fig. 2) .
Gardiquimod induces the apoptosis of BxPC-3 cells.
The effect of gardiquimod on the apoptosis of BxPC-3 cells was also examined (Fig. 3) . The percentage of cells in the early apoptotic phase increased between 11.5% at day 1 and 19.32% at day 5. There was a statistically significant difference between the control group (Fig. 3A) and the groups treated with gardiquimod for >3 days (P<0.05; Fig. 3D-F) .
Gardiquimod reduces the expression levels of cyclin B1, cyclin E and Bcl-2, and increases the protein expression levels of Bax.
Based on the results of the MTS and flow cytometry, gardiquimod was found to inhibit the proliferation 
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Gardiquimod inhibits the migration of BxPC-3 cells. Cancer cells can migrate from their original sites and invade into adjacent normal tissues or into the blood or lymph vessels, and form additional neoplasms. In the present study, a scratch/migration assay was used to detect the effects of gardiquimod on the migration of BxPC-3 cells. In the control group, without gardiquimod treatment, the BxPC-3 cells occupied almost the entire scratched space at day 5, however, in the groups treated with gardiquimod, ~60% of the space present at day 0 remained unoccupied at day 5 (Fig. 4B) .
Discussion
Pancreatic cancer is one of the five most common causes of cancer-associated mortality (30) . In the present study, gardiquimod was used to treat BxPC-3 pancreatic cancer cells, and the results demonstrated that gardiquimod inhibited the proliferation and migration, and induced the apoptosis of the BxPC-3 cells. The effect of gardiquimod on the proliferation of the BxPC-3 cells may be involved in the regulation of the expression levels of cyclin B1, cyclin E, Bcl-2 and Bax. Previous studies have demonstrated that TLR7 signaling pathways have different roles in different types of cancer. TLR7 agonists have been suggested to be antiproliferative and induce apoptosis in renal cancer cells and bladder cancer cells, including normal T cells (23, 24) . By contrast, they can promote the survival, proliferation and migration of tumor cells, including B-cell chronic lymphocytic leukemia cells (25) (26) (27) . Ochi et al (18) previously demonstrated that the TLR7 agonist, ssRNA40, stimulates the proliferation of pancreatic cancer cells, but had no effect on the pancreatic cells of wild mice (18) . In addition, the activation of TLR7 was demonstrated to regulate the expression levels of a series of genes, including phosphatase and tensin homolog, p16, p21, p27, p53, Rb, c-Myc, transforming growth factor-β and SHPTP1 (18) . The results of the present study appear to be in contradiction with the observations of Ochi et al (18) , however, the present study used BxPC-3 cells as a model, unlike the pancreatic cancer cells from p48 Cre ; Kras G12D mice, which were used as the model in the study by Ochi et al. The Kras gene was sequenced in the present study, and no Kras G12D mutation was identified (data not shown). This suggested that cell lines with different genetic backgrounds may have entirely different responses to treatment with gardiquimod. These paradoxical results suggest that the TLR7 agonists have opposite effects, even in different cell lines from the same type of cancer. However, the molecular mechanism of this phenomena requires further investigation, which may assist in the development of novel therapeutic methods for cancer.
The expression of cyclin is a key element in the control of the cell cycle. In the present study, gardiquimod was observed to reduce the expression levels of cyclin B1 and cyclin E, which suggested that gardiquimod may exert its antiproliferative effects at the transition of the G 1 -S phase. It has been previously reported that gardiquimod exerts its antiproliferative activity in urothelial cell carcinoma via downregulating the expression of cyclin D2 (24, therefore, the antiproliferative mechanism of gardiquimod appears similar between BxPC-3 Figure 4 . Gardiquimod reduces the expression levels of cyclin B1, cyclin E and Bcl-2, increases the expression of Bax at the protein level and inhibits the migration of BxPC-3. (A) BxPC-3 cells were treated with gardiquimod (3 µg/ml) for various time-periods and the expression levels of cyclin B1, cyclin E, Bcl-2 and Bax were determined using western blot analysis. The results represent one of three independent experiments. (B) BxPC-3 cells were treated with gardiquimod (3 µg/ml) for 1 day, following which the surface of the cell layer was scratched and continually cultured for 6 days, monitoring the scratched space daily under a microscope (magnification, x100). Bcl, B-cell lymphoma; Bax, B-cell-associated X protein; G, gariquimod-treated; Con, untreated.
A B cells and urothelial cell carcinoma (24) . On analyzing apoptosis in the present study, gardiquimod was found to induce apoptosis; which was consistent with its effect on renal cells (31) . It is well known that the apoptosis-associated proteins, Bcl-2 and Bax (32) , are important in the process of apoptosis in cells (33, 34) . In the present study, gardiquimod was observed to regulate the expression of these two genes. All these results suggested that gardiquimod may exert its antiproliferative activity and induce apoptosis on the BxPC-3 cells via the regulation of proliferation and the expression levels of apoptosis-associated genes. These results also provide insight into the pathogenesis of pancreatic cancer, potentially and may assist in the development of novel treatment strategies. However, there are several details, which remain to be fully elucidated, thus, the effects of TLR agonists on tumor cells require careful further investigation prior to their application in immunotherapy. The present study also assessed the effects of gardiquimod on the migration of the BxPC-3 cells and demonstrated that, following wounding, the cells treated with gardiquimod healed more slowly, compared with those in the control group. The molecular mechanism underlying this phenomenon remains to be elucidated and requires investigation in subsequent investigations.
In conclusion, the results of the present study suggested that gardiquimod inhibited the proliferation and migration, and induced the apoptosis of BxPC-3 pancreatic cancer cells, which may assist in elucidating the involvement of TLR7 in the development of pancreatic cancer.
